Abstract Circulating monocytes and tissue macrophages play complex roles in the pathogenesis of hypertension, a highly prevalent disease associated with catastrophic cardiovascular morbidity. In the vasculature and kidney, macrophage-derived reactive oxygen species (ROS) and inflammatory cytokines induce endothelial and epithelial dysfunction, respectively, resulting in vascular oxidative stress and impairment of sodium excretion. By contrast, VEGF-C-expressing macrophages in the skin can facilitate the removal of excess interstitial stores of sodium by stimulating lymphangiogenesis. Inappropriate activation of the renin-angiotensin system (RAS) contributes to essential hypertension in a majority of patients, and macrophages express the type 1 (AT 1 ) receptor for angiotensin II (Ang II). While proinflammatory macrophages clearly contribute to RAS-dependent hypertension, activation of the AT 1 receptor directly on macrophages suppresses their M1 polarization and limits tubular and interstitial damage to the kidney during hypertension. Thus, stimulating the macrophage AT 1 receptor ameliorates the target organ damage and immune stimulation provoked by AT 1 receptor activation in intrinsic renal and vascular cells. The proinflammatory cytokines TNF-α and IL-1β produced by M1 macrophages drive blood pressure elevation and consequent target organ damage. However, additional studies are needed to identify the tissues in which these cytokines act and the signaling pathways they stimulate during hypertension. Moreover, identifying the precise myeloid cell subsets that contribute to hypertension should guide the development of more precise immunomodulatory therapies for patients with persistent blood pressure elevation and progressive end-organ injury.
Introduction
Hypertension is a global pandemic, impacting more than one billion people. As uncontrolled hypertension leads to severe end-organ damage manifested as congestive heart failure (CHF), myocardial infarction (MI), stroke, and chronic kidney disease (CKD), it is the leading cause of preventable morbidity and mortality worldwide [30] . A systematic analysis of patient data from over 90 countries found that only 46.5% of individuals were aware of their hypertension, 36.9% were treated with antihypertensive medications, and 13.5% had their blood pressure adequately controlled. While these statistics varied somewhat by national income, with high-income countries having improved awareness, rates of treatment and control even in these richer nations were only 55.6 and 28.4%, respectively [71] . These data showing inadequate blood pressure control despite treatment with antihypertensive medications suggest that while hypertension is a multifactorial problem and social factors certainly play a role, novel therapeutic approaches will be necessary to reduce the global burden of hypertensive disease.
A promising path in the search for new drug targets involves investigating the role of the immune system in hypertension. The immune system has long been implicated in the pathogenesis of hypertension [69, 92, 119] . Pathologic assessments of kidney biopsy specimens have shown renal invasion This article is part of the special issue on macrophages in tissue homeostasis in Pflügers Archiv -European Journal of Physiology.
of leukocytes in the setting of hypertension, with a positive correlation between the degree of lymphocyte aggregation and arteriolar nephrosclerosis [39, 102] . Further studies in rodent models have shown that, in addition to lymphocytes, other immune cells including myeloid cells also accumulate in the kidney during hypertension [111] and that the transfer of these immune cells from hypertensive animals could lead to the development of hypertension in previously normotensive animals [81] . Moreover, modulation of inflammatory cell function with immunosuppressive agents can blunt reninangiotensin system (RAS)-induced hypertension [91] and reduce target organ damage in this setting [74] .
One immune cell lineage that has demonstrated particular importance in the development of RAS-induced hypertension and subsequent end-organ damage is the macrophage. Macrophages are resident tissue phagocytes of myeloid descent. In addition to phagocytosis, these cells play a critical role in the innate immune system by secreting cytokines and chemokines and by recruiting and activating other immune cells. Through activation of type 1 receptors, angiotensin (Ang) II drives hemodynamic injury [85] and subsequent recruitment of monocytes and other inflammatory cells into the heart, vasculature, and kidney during hypertension [74, 82, 118] . After infiltration in tissues, monocytes can differentiate into one of at least two classically described phenotypes, M1 or M2 macrophages, based on a simplified paradigm [88] . M1 macrophages induce inflammation through the production of reactive oxygen species (ROS) along with proinflammatory cytokines, including interleukin-1 beta (IL-1β) and tumor necrosis factor-alpha (TNF-α). M2 macrophages play an antiinflammatory role and mediate tissue repair through the secretion of IL-10 and transforming growth factor-beta (TGF-β) [33, 100] . This paradigm has recently been updated to a more precise nomenclature based on specific activating agents [75] , and we will discuss this newer nomenclature below as it pertains to the effects of macrophage subpopulations on blood pressure. Following their initial polarization, macrophages remain plastic and retain the ability to differentiate into other phenotypes with appropriate activation [8] . This review will discuss the role that macrophages play in RAS-induced hypertension and subsequent target organ damage.
Diverse roles for macrophages in hypertension
Macrophages are one of the major effector cells of the innate immune system and numerous studies point to their involvement in the pathogenesis of hypertension. Circulating monocytes from hypertensive patients have an enhanced proinflammatory phenotype compared to normotensive controls [86] , and sera from these hypertensive patients contain elevated concentrations of injurious cytokines [25, 66, 84] . These inflammatory cytokines and ROS secreted by macrophages can elevate blood pressure by triggering vascular endothelial dysfunction with consequent impairment in renal sodium excretion [69] . As activated macrophages and monocytes express lysozyme M (LysM + ), the LysM Cre mouse line has been utilized in conditional gene targeting strategies to study the independent role of macrophages in hypertension [17] . Other potential Cre models could be used for this purpose, including the colony-stimulating factor 1 receptor (CSF1r) Cre. However, as CSF-1 is critical to macrophage production, differentiation, and function, it is less specific than LysM to activated macrophages and may therefore be less specific for infiltrating macrophages in disease states such as hypertension [59] . Using LysM Cre mice crossed with mice expressing a cre-inducible diphtheria toxin (DTX) receptor (iDTR), Wenzel et al. selectively ablated LysM + macrophages and monocytes through the administration of diphtheria toxin. In the chronic Ang II infusion model, depletion of these LysMexpressing cells limited blood pressure elevation, ameliorated vascular endothelial and smooth muscle dysfunction, and attenuated vascular ROS formation. As granulocytes can also express LysM, the investigators further demonstrated that transfer of wild-type (WT) CD11b + monocytes and not WT Gr1 + neutrophils into their LysM iDTR mice restored Ang IIinduced hypertension, vascular dysfunction, and ROS generation. [118] . Further work demonstrated that these LysM + monocytes can also spur ROS production by uncoupling nitric oxide synthase (NOS) 3, culminating in further increases in vascular oxidative stress and hypertension [54] .While recent studies have established that not all tissue macrophages are descendants of circulating blood monocytes, these monocytes do significantly contribute to tissue macrophage populations under inflammatory conditions [41] . Thus, the previously described experiments from Wenzel and colleagues suggest that macrophages play a key pathogenic role in RAS-induced hypertension and its sequelae.
In contrast to their pro-hypertensive actions in the vasculature, macrophages in the skin can limit the susceptibility to salt-sensitive hypertension by stimulating lymphangiogenesis [47, 93] . In the classical paradigm of salt-sensitive hypertension, inappropriate retention of sodium and water by the kidney permits an expansion in extracellular fluid volume (ECV) with consequent increases in cardiac output and hypertension per Ohm's Law. Challenging the simplicity of this model, a team led by Titze found that an excess of sodium bound to proteoglycans in the skin and muscle correlates with prolonged hypertension and that dermal lymphatic vessels may regulate blood pressure by mobilizing these nonvascular sodium reservoirs [22, 32, 53, 112] . In response to osmotic stress, induction of the transcription factor tonicityresponsive enhancer-binding protein (TONEBP/NFAT5) in dermal macrophages upregulates their expression of vascular endothelial growth factor C (VEGF-C) [65] . In turn, local VEGF-C drives lymphangiogenesis and mobilization of sodium from the skin. Accordingly, deletion of TONEBP from macrophages in rodent models impairs VEGF-C generation and lymph vessel proliferation leading to blood pressure elevation on a high salt diet (HSD) [64, 120] . As TONEBP also mediates NOS2-dependent generation of NO in macrophages, and NO drives vasodilation and sodium excretion in the kidney, TONEBP in kidney macrophages could conceivably also combat salt sensitivity by limiting renal sodium reabsorption [43, 130] . Recent studies by Zhang et al. further illustrate that cyclooxygenase-2 (COX2) in macrophages can alleviate salt sensitivity not only by driving the production of natriuretic prostaglandins but also by promoting VEGF-Cdependent lymphangiogenesis [128] .
Growing evidence also suggests that dietary salt can conversely influence macrophage polarization. Lipopolysaccharide (LPS) induces polarization of bone marrow-derived macrophages (BMDM) toward a proinflammatory phenotype, M(LPS). In culturing M(LPS) in high salt media, Jantsch et al. found that high salt concentration led to an exaggerated proinflammatory response evidenced by enhanced p38 mitogen-activated protein kinase (p38/MAPK)-dependent TONEBP/NFAT5 activation and a resultant increase in NO production via a type-2 nitric oxide synthase (Nos2)-dependent mechanism in these cells [43] . Moreover, high NaCl concentrations have also been shown to blunt IL-4, IL-13-dependent activation of macrophages toward an anti-inflammatory phenotype, M(IL-4 + IL-13), in vitro via impaired AKT/mTOR signaling and cellular metabolism [7] . Even in the absence of other external activators, high salt alone can increase proinflammatory gene expression and decrease anti-inflammatory gene expression in BMDM, resulting in a unique macrophage activation state, M(Na) [129] . Thus, sodium retention may elevate blood pressure not only by expanding intravascular volume but also by modulating macrophage phenotype to promote injury in the kidney and vasculature.
Macrophages also play a role in mediating hypertensive endorgan damage through blood pressure-independent mechanisms. Monocyte chemoattractant protein (MCP-1 or CCL2) is a chemokine that binds CC chemokine receptor 2 (CCR2) on monocytes, driving their recruitment into injured tissues [9, 10] . In the Ang II hypertension model, CCR2 deficiency limits the accumulation of macrophages in the kidney, attenuating local oxidative stress and renal fibrosis while preserving the glomerular filtration rate [60] . Mice deficient in the monocyte/ macrophage chemotactic factor, macrophage colonystimulating factor (m-CSF) [105, 115] , due to the osteopetrotic mutation in the m-CSF gene (Op/Op) have monocytopenia and macrophage deficiency [61, 121, 122] . Similar to the CCL2 knockouts, Op/Op mice are partially protected from Ang IIinduced endothelial dysfunction, vascular remodeling, and oxidative stress [24] . These findings have been confirmed in the deoxycorticosterone acetate (DOCA)-salt model [51] . Recent studies also demonstrate the importance of macrophages in hypertensive neuroinflammation. Santisteban et al. found that transplant of bone marrow from spontaneously hypertensive rats into nonhypertensive rats resulted in increased neuroinflammation and sympathetic nerve activation likely via CCL2-mediated extravasation of mononuclear cells into the CSF and subsequent microglial activation [38, 95, 97] . Furthermore, perivascular macrophages (PVMs) in the brain (CD206   +   CD45 hi CDllb + ) have been implicated in cognitive decline associated with hypertension. Through selective depletion of this cell population in mice with clodronate and use of two models of hypertension, Faraco and colleagues showed that PVMs were critical in hypertensive neurovascular dysfunction [27, 37] . Thus, macrophages play an important role in hypertension-induced damage to the kidney, vasculature, and brain (Fig. 1) .
Interaction between macrophages and the renin-angiotensin system
Through activation of the type 1 angiotensin (AT 1 ) receptor, Ang II plays a central role in driving chronic blood pressure elevation via its capacity to augment global vascular tone and promote sodium retention in the kidney [36, 42, 80, 117] . However, AT 1 receptor activation can also mediate hypertensive organ damage through blood pressure-independent mechanisms. For example, Müller et al. showed that AT 1 receptor blockade with Valsartan alleviates hypertensive kidney and heart injury in transgenic rats with over-expression of human renin and angiotensinogen genes to a greater extent than blood pressure lowering with hydralazine, hydrochlorothiazide, and reserpine [70, 73] . In this model, the protective effects of AT 1 receptor blockade accrued from inhibition of proinflammatory NF-κB signals, suggesting that AT 1 receptor stimulation can propagate an inflammatory response independently of blood pressure elevation [72] .
Global RAS activation triggers monocyte migration and activation. For example, chronic Ang II infusion drives persistent accumulation of macrophages in the renal interstitium leading to kidney fibrosis [82] . Systemic AT 1 receptor ligation stimulates egress of monocytes from the spleen and their migration to vascular subendothelium, necessary steps in mediating vascular injury and the development of atherosclerotic lesions [49, 109] . Ang II promotes the differentiation of hematopoietic stem cells (HSCs) toward CCR2 + inflammatory monocytes and enhances monocyte production of cytokines and adhesion to endothelial cells [35] . Thus, at earlier stages of myeloid cell development, Ang II favors differentiation, mobilization, and activation of proinflammatory monocytes [48] .
AT 1 receptors are broadly expressed on immune cell populations [44, 77] . However, in several studies, AT 1 receptor stimulation on these cells has dampened the RAS-induced inflammatory response in an apparent feedback mechanism [20, 125, 126] . In contrast to humans who have one AT 1 isoform, rodents possess two AT 1 receptor isoforms, AT 1A and AT 1B . AT 1A receptors predominate in most tissues and have been considered the most homologous to the human AT 1 receptor [13, 18] . Thus, initial work in this area utilized murine bone marrow chimeras lacking AT 1A solely on immune cells. Tsukuba mice have human renin and angiotensinogen genes and therefore serve as a model of hypertension induced by chronic RAS stimulation. Tsukuba mouse chimeras lacking the AT 1A receptor on bone marrow-derived cells have a preserved hypertensive response but more severe atherosclerosis in the aorta compared to wild-type transplant controls [46] . Using a chronic Ang II infusion model, our group found that Agtr1a −/− bone marrow chimeras have exacerbated blood pressure elevation, albuminuria, and accumulation of T cells and macrophages in the kidney compared to their WT counterparts [20] . These studies point to a protective role for the AT 1 receptor on immune cells during hypertension.
Several protective actions of the immune cell AT 1 receptor that have been elucidated in murine bone marrow chimera studies can be ascribed directly to the AT 1 receptor on macrophages. For example, Nishida and colleagues reported that Agtr1 −/− bone marrow chimeras have more severe kidney fibrosis following unilateral ureteral obstruction (UUO), and that AT 1 receptor deficiency or blockade on BMDMs impaired their phagocytic capacity [79] . The beneficial actions of the macrophage AT 1 receptor could also accrue from effects on macrophage polarization. In this regard, peritoneal macrophages from Agtr1a −/− animals have enhanced expression of proinflammatory M1 phenotypic markers (MCP-1, TNF-α, IL-1β) and reduced markers of M2 activation (mannose receptor (CD206), Ym-1, TGF-β, IL-10, decoy IL-1R), suggesting that AT 1 receptor activation on macrophages suppresses their M1 polarization [63] . Using a Cre-Lox conditional gene targeting strategy to delete the AT 1A receptor selectively from LysM + myeloid cells (BMacro Fig. 1 Summary of the roles of macrophages in hypertension. Through generation of inflammatory cytokines and reactive oxygen species, macrophages can directly impair vasculature endothelial and smooth muscle function leading to vasoconstriction and resultant hypertension. Similar processes in the renal vasculature impair sodium excretion by the kidney also resulting in blood pressure elevation. Macrophage-induced damage to the renal parenchyma can also instigate renal tubular injury and interstitial fibrosis seen in hypertension. In the brain, distinct macrophage populations increase hypertensive neuroinflammation and sympathetic neuron activation. Populations of macrophages in the brain also mediate neurovascular dysfunction and cognitive decline associated with hypertension. Through a different mechanism, dermal macrophages increase expression of VEGF-C in response to osmotic stress resulting increased lymphangiogenesis and lymphatic flow. These processes work to mobilize dermal sodium stores and may thereby serve as an important extra-renal regulator of sodium homeostasis and consequently blood pressure KO^), we detected enhanced M1 polarization in AT 1 receptor-deficient macrophages, leading to their enhanced secretion of TNF-α and IL-1β. These Macro KO animals lacking the macrophage AT 1 receptor developed more severe kidney tubular damage and fibrosis following 4 weeks of Ang II-induced hypertension and in the UUO model [126] . Thus, AT 1 receptor activation on macrophages does not have a major role in regulating blood pressure homeostasis, but does limit kidney damage and fibrosis during RAS activation by blunting M1 macrophage differentiation (Fig. 2) . Although we were unable to detect AT 1B expression in macrophages, other groups have detected this isoform in mononuclear cells and attributed autoimmune inflammation in the central nervous system to signaling via the AT 1B receptor [106] . Future experiments should therefore consider utilizing AT 1A / AT 1B double knockout experiments to more precisely delineate the independent roles of the 2 AT1 receptor isoforms on macrophages in hypertension.
To reconcile the seemingly discrepant findings that global RAS activation generally induces inflammation whereas AT 1 receptor activation directly on myeloid cells is largely antiinflammatory, we postulate that AT 1 receptor stimulation on macrophages may provide a feedback mechanism to temper the pathogenic effects of inappropriate RAS activation in the kidney, vasculature, and nervous system. Using a kidney cross-transplant model, we previously reported that kidney AT 1 receptors instigate RAS-induced hypertension, cardiac hypertrophy, and kidney injury [19, 21] . Thus, we posit that activation of AT 1 receptors in the kidney mediates target organ damage that, in turn, invokes secondary immune activation with consequent release of proinflammatory cytokines, including TNF-α and IL-1β, from mononuclear cells that infiltrate these injured tissues.
Role of M1 cytokines in hypertension and target organ damage
Several lines of evidence indicate that the prototypical M1 macrophage cytokines, TNF-α and IL-1β, can play an important role in blood pressure homeostasis. Serum levels of both cytokines are markedly elevated during hypotension in sepsis [31] . Furthermore, intravenous infusion of either TNF-α or IL-1β can trigger natriuresis and thereby reduce blood pressure [52, 94, 96, 113] . On the other hand, genetic deletion of TNF or the IL-1 receptor alleviates blood pressure elevation during RAS activation [34, 104, 127, 130] . In aggregate, these experiments suggest that the blood pressure-modulating effects of these cytokines may depend on their absolute levels and tissue localization. To better understand the specific roles of TNF and IL-1 in mediating hypertension and target organ damage, our lab and others have examined the tissue-specific actions of these cytokines.
Global RAS activation triggers expression of TNF-α in a variety of cell types including macrophages, T cells, mesangial cells, kidney epithelial cells, and mammalian heart cells [28, 45, 50] . After secretion, TNF mediates its effects through one of two receptors, TNFR1 and TNFR2, which although ubiquitously expressed, have tissue-dependent differences in relative density [11, 15] . Receptor activation, in turn, activates multiple signaling pathways, including mitogen-activated protein kinase (MAPK), TGF-β, NF-κB, and NADPH oxidase [50, 76, . Activation of these receptors appears to have divergent effects on blood pressure [14, 15, 101] . However, experiments with TNF Bknockout^animals illustrate that, in the setting of RAS activation, TNF potentiates blood pressure elevation by augmenting salt appetite through activity in the central nervous system (CNS) and stimulating sodium reabsorption in the kidney's thick ascending limb (TAL) via NO synthase 3 suppression [87, 104] . Data from our group support these findings, as selective TNF deficiency in kidney generated via a murine crosstransplant approach attenuates the chronic hypertensive response [127] . TNF-dependent activation of NF-κB and NADPH oxidase also impairs vascular endothelial function by stimulating ROS generation and impairing NO production in the vasculature, processes that serve to enhance susceptibility to hypertensive stimuli [2, 57, 78, 108] . TNF mediates damage to the kidney and heart during hypertension, but whether macrophages are the source of the TNF that drives this injury is not clear. In rodents, TNF blockade or deficiency attenuates kidney injury during RAS-dependent hypertension [74, 127] glomerulus through a blood pressure-independent mechanism [125] . Moreover, an infusion of TNF is directly toxic to the glomerular endothelium [6] , and induces renal vasoconstriction, increasing the risk for local ischemia. TNF plays a pathogenic role in kidney fibrosis, which could impair renal sodium excretion and exacerbate hypertension [67] . In the setting of acute kidney injury, others and we find that TNF produced by intrinsic kidney epithelial cells can mediate renal parenchymal damage, but the relative contributions of TNF produced by the kidney versus macrophages to hypertensive kidney injury have yet to be described [124, 131] . As in the kidney, TNF in the heart and vasculature mediates injury and pathologic remodeling in RASinduced hypertension [3, 4, 12, 56, 76, 107] . Given the broad detrimental actions of TNF in the kidney and vasculature during hypertension, future studies will need to explore how to target this pathway in hypertensive patients while limiting excessive immunosuppression.
Analogous to the effects of TNF, several actions of IL-1 potentiate hypertension and hypertensive organ damage [116, 126] . In response to blood pressure elevation, components of the NLRP3 inflammasome are upregulated resulting in increased expression of IL-1β [55] . Deficiency of NLRP3 components leads to attenuation of the hypertensive response, highlighting the importance of IL-1β induction in mediating hypertension [99] . Upon activation, IL-1 may instigate hypertension through several tissue-specific mechanisms. In the CNS, IL-1 injection stimulates catecholamine release leading to systemic blood pressure elevation [83, 98, 110] . IL-1 can also induce vasoconstriction in the aorta and pulmonary vasculature [26, 114] . Recent studies from our lab reveal that mice deficient in the IL-1 receptor are partially protected from Ang II-induced blood pressure elevation. In our hands, IL-1 receptor activation suppresses the accumulation of NOexpressing macrophages in the kidney early in the course of RAS-dependent hypertension (Fig. 3) , thereby easing the tonic inhibition of the NKCC2 sodium cotransporter by NO, with consequent renal salt retention. In this setting, IL-1 receptor stimulation appears to inhibit NOS2 expression from intra-renal macrophages leading to reduction of NO secretion, such that NO-depletion restores the hypertensive response of the IL-1 receptor-deficient animals [130] . Interestingly, in other contexts, IL-1 receptor activation on macrophages can actually enhance NO secretion [62] . Thus, further studies should clarify whether these discrepancies are due to context-specific actions of IL-1 on myeloid cells or to an indirect effect of IL-1 receptors on kidney parenchymal cells to influence the phenotype of infiltrating myeloid cells. The capacity of intrinsic renal cells to alter the polarization of infiltrating macrophages has been demonstrated in the setting of acute kidney injury [58] .
Conclusion
Macrophages are clearly important in the pathogenesis of hypertension as are their classical proinflammatory cytokines TNF-α and IL-1β. From the evidence above, macrophages promote hypertension through the generation of these M1 cytokines and reactive oxygen species resulting in enhanced renal sodium retention and target organ damage. The presence of elevated levels of these cytokines in monocytes and the serum in human studies of hypertensive patients is consistent with this conclusion [5, 23, 25] . As broad immune suppression has been associated with blood pressure reduction in patients with rheumatologic disease, interventions to modulate macrophage function may represent a novel class of therapies for patients with recalcitrant hypertension and end-organ injury [40] . Nevertheless, these therapies are not without risk, as immunosuppression can impede tumor surveillance and permit reactivation of latent infection [29] .
Targeting macrophage cytokines including TNF and IL-1 may yield therapeutic benefits once investigations further parse the relevant, tissue-specific signaling pathways activated by these mediators during hypertension. The discrepant effects of the two TNF receptors and apparent tissue-specific actions of the IL-1 receptor pose challenges in bringing blockade of these cytokines into the hypertension clinic, and human trials of TNF or IL-1 blockade for heart failure or atherosclerosis, respectively, have so far not proved conclusive [1, 16, 68, 89, 90] . However, the lack of a blood pressure signal in these trials should not preclude a careful study of cytokine antagonism for severe hypertension. To this point, selective inhibition of TNF with infliximab reduced continuous ambulatory blood pressure in a small trial for patients with hypertension and rheumatoid arthritis [123] . We therefore submit that blockade of macrophage functions or cytokines should be studied further particularly in hypertensive patients with evidence of M1 macrophage activation and markers of cardiac or renal damage. In these patients, the potential longer term benefits of immunomodulation may outweigh the immediate risks. In the meantime, pre-clinical studies should identify more precisely the myeloid cell subpopulations involved in the pathogenesis of hypertension and its complications in order to develop more incisive immunomodulatory therapies for this pandemic disease.
